quency references: they are isolatable, possess well-defined transition frequencies, and exist in abundant identical copies. With over 50 years of development, clocks based on microwave oscillators matched to atomic transitions now define the SI second and play central roles in network synchronization, global positioning systems, and tests of fundamental physics (1, 2) .
Under development worldwide, optical clocks oscillate 10 5 times faster than their microwave predecessors, dividing time into finer intervals (3) . While microwave clocks, like Cs fountains, have demonstrated time and frequency measurements of a few parts in 10 16 (4, 5) , optical clocks are now measuring 1 part in 10 17 (6) (7) (8) (9) and have long aspired towards levels of 1 part in 10 18 .
Here we demonstrate an optical clock with measurement precision of 1.6 parts in 10 18 .
A measurement at the 10 −18 fractional level is equivalent to specifying the age of the known universe to a precision of less than one second or Earth's diameter to less than the width of an atom. To illustrate the power of this measurement capability, we first consider the gravitational redshift, a consequence of general relativity dictating that clocks 'tick' more slowly in stronger gravitational fields. This phenomenon has long been accounted for when remotely comparing atomic clocks with gravitational elevations differing by many meters or km. Instead, a clock with 10 −18 performance can discern changes in the gravitational geoid corresponding to 1 cm of elevation at Earth's surface. It can thus be exploited as a unique and sensitive probe of spatial and temporal variations in the gravitational field (10-13), revolutionizing geodesic measurements and potentially impacting areas like hydrology, geology, and climate change studies.
Furthermore, alternative gravitational theories predict deviations to the gravitational redshift described by general relativity. Optical clocks at the 10 −18 measurement level, proposed for future space missions, can explore these deviations with more than three orders of magnitude higher precision than presently possible (13) , as well as stringently test the universality of the gravitational redshift (a consequence of local positional invariance) (10) . Additionally, some unification theories employing non-metric couplings of matter predict variations of the funda-mental constants of nature throughout space and time. While these variations are thought to be small, the sensitivity of atomic clocks to these constants (e.g., the fine structure constant) already provides a useful constraint on possible variations with time or gravitational field (6, 14, 15) . A clock with 10 −18 measurement capability offers up to two orders of magnitude tighter constraint on these variations and the theories predicting them, and may even provide insight into dark energy (16) . Finally, improved timekeepers directly benefit other applications such as navigation systems, synchronization of telescope arrays (e.g., VLBI), secure communication, interferometry, and possible redefinition of the SI second (9).
To illustrate an essential property of time and frequency standards, imagine a pendulum clock. The periodicity of the pendulum swing provides the clock time base. How this period (or the inverse, frequency) fluctuates over time is a measure of the clock's instability, a characteristic of an oscillator generally quantified by the Allan deviation (17) . No time or frequency standard can make a measurement better than the statistical precision set by its instability. Further, the systematic uncertainty of an oscillator's frequency is often constrained by its long term instability (e.g., slow changes in temperature and air pressure which perturb the pendulum swing). For these reasons, and because many timing applications (including most mentioned above) require only exquisite instability, the instability represents one-if not the most-important property of an atomic standard.
In the pursuit of lower instability, one approach is particularly promising: the optical lattice clock (18) . In such a clock, a stabilized laser is referenced to ultracold alkaline-earth (or similar) atoms confined in an optical standing wave (i.e., lattice) created by a retro-reflected highpower laser beam. Alignment of the clock interrogation laser along the direction of tight lattice confinement eliminates most Doppler and motional effects while probing the ultra-narrowband electronic 'clock' transition. Although the optical lattice induces a Stark shift on the atoms' electronic states, the net effect can be nearly canceled by operation at the so-called 'magic' wavelength, λ m , where both electronic states of the clock transition are shifted equally (18, 19) .
A key advantage of the optical lattice is that many (10 3 to 10 6 ) atoms are confined in the lattice potential. All of these atoms are interrogated simultaneously, thereby improving the atomic detection signal-to-noise and thus the instability, which is limited fundamentally by quantum projection noise (QPN) (20) . Because lattice clocks combine a large atom number with the ultra-narrow optical transition, it has long been hoped that they could realize 10 Also shown in Fig. 3 is an estimate of the combined instability contribution (blue dashed) from the Dick effect and QPN, with the shaded region denoting the uncertainty in these estimates. As can be seen, the observed instability lies close to the combined contributions. We anticipate that significant reductions are possible in the QPN limit by simply using higher atom numbers and longer interrogation times. However, despite earlier reductions in the Dick effect from improved local oscillators (27) , Dick noise continues to be an important limit in the performance of this clock. Looking to the future, this limitation must be reduced so that 10
measurement instability can be realized in 100 seconds or less. Further stabilization of the optical LO will continue to reduce the Dick effect, both by lowering the laser frequency noise, which is down-converted in the Dick process, and by allowing increased spectroscopy times and thus higher duty cycles. Such laser systems will use optical cavities exhibiting reduced
Brownian thermal-mechanical noise by exploiting cryogenic operation (31), crystalline optical coatings (32), longer cavities, or other techniques (27) . Fig. 4 demonstrates the benefit of using an optical LO improved over that used in this work, with four times less laser frequency noise and with four times longer interrogation time (corresponding to a short-term laser instability ∼5 × 10 −17 ). The red dotted line gives the Dick instability, while the black dashed line indicates the QPN limit with the same interrogation time, assuming a moderate atomic population of 50,000.
Noting that the calculated Dick effect remains several times higher than the QPN limit, we consider an alternative idea first proposed for microwave ion clocks: interleaved interrogation of two atomic systems (26) . By monitoring the LO laser frequency at all times with two interleaved atomic systems, the aliasing problem at the heart of the Dick effect can be highly suppressed. The solid blue line in Fig. 4 illustrates the potential of a simple interleaved-clock interrogation using Ramsey spectroscopy, which could be even further improved using a more selective interleaving scheme. Even with LO noise levels unimproved from the present work, the Dick effect lies well below a much improved QPN limit (black dashed line). In this case, spin squeezing of the atomic sample could reduce the final instability beyond the standard quantum limit set by QPN (e.g., (33) ). The two-system, interleaved technique requires spectroscopy on each atomic system to last one half or more of the total experimental cycle. By extending the clock spectroscopy time to >250 ms, we have achieved a 50% duty cycle for each Yb system, demonstrating the feasibility of this technique. Duty cycles ≥ 50% can also be realized with the aid of nondestructive state detection (34) .
Another important property of a clock is its accuracy, which results from uncertainty in systematic effects that alter the standard's periodicity from its natural, unperturbed state. In 2009, we completed a systematic analysis of Yb-1 at the 3 × 10 −16 uncertainty level (29) . Since then, we reduced the dominant uncertainty due to the blackbody Stark effect by an order of magnitude (35) . With its recent construction, Yb-2 has not yet been systematically evaluated. The fact that the instability reaches the 10 −18 level indicates that key systematic effects (e.g., blackbody
Stark effect, atomic collisions, lattice light shifts) on each system are being well-controlled over the relevant timescales. For all measurements described here, the mean frequency differences in 100 s. The Dick limit (red dotted) is reduced by using a LO which is four times as stable as that used in this work. The QPN limit is also shown under the same conditions (black dashed) with a total atom number of 50,000. The inset illustration represents an interleaved interrogation of two atomic systems, allowing continuous monitoring of the LO for suppression of the Dick effect. Dead times from atomic preparation or readout in one system are synchronized with clock interrogation in the second system. The solid blue line indicates the suppressed Dick instability in the interleaved-interrogation scheme of two atomic systems using Ramsey spectroscopy with an unimproved LO.
Supplementary Materials
Spectroscopy sequences Yb-1 and Yb-2 experimental cycles are unsynchronized and have nonidentical but similar durations. Table 1 State detection, normalization, and background subtraction We synthesize an atomic excitation fraction , normalized against total atom number and suppressing background effects, from the three records P 1,2,3 :
In order to cleanly implement the atomic state detection, the 399 nm laser is (1) 
Clock difference-signal
Each Yb atomic servo consists of a micro-controller unit (MCU) updating a direct-digital synthesizer (DDS) with a correction signal f 1,2 . System Yb-n applies discrete corrections f n (t (n) i ) at unsynchronized times t (T 1 + T 2 ). As described in the main text, the difference in the correction signals f 2 (t) − f 1 (t) corresponds to the frequency difference between the atomic systems, and the instability of f 2 (t) − f 1 (t) gives the combined instability measured between the clocks. If systematic variations of each atomic frequency existed and they were positively correlated between the systems, then these variations would be reduced in the frequency difference. In such a case, the measured instability would not reflect the true instability of the lattice clocks. We note that by design, these atomic systems are largely independent of each other. Their most significant shared attribute is co-location in the same laboratory. Thus, while local heat loads independently influence each atomic apparatus, the ambient laboratory temperature can drive temperature correlations that influence the blackbody Stark shift. However, we note the mean laboratory temperature was long-term stable to < 50 mK over the measurement period. Most key systematic effects, like the cold collision shift, Zeeman shifts, probe light shifts, and other technical effects, are independent for each system. The optical lattice lasers are independent systems, and their frequencies are separated by 1 MHz, both held close to the magic wave-
